Main conclusion Enoyl-[acyl carrier protein]-reductases from sunflower.
Introduction
'De novo' biosynthesis of fatty acids in plant plastids is a process elongating acyl chains in a reiterative manner where the multienzyme complexes, acetyl-CoA carboxylase (ACCase) and fatty acid synthase (FAS) work coordinately (Harwood 2005) . Two kinds of FAS complexes Electronic supplementary material The online version of this article (doi:10.1007/s00425-014-2162-7) contains supplementary material, which is available to authorized users.
occur. In mammals a single gene encodes a polypeptide functioning as a dimer with all requisite activities called type I FAS (Smith et al. 2003) . Type II, present in bacteria and plants, is a dissociated system, in which each component is encoded by a discrete gene (Brown et al. 2006 (Li-Beisson et al. 2013) generate after seven and eight rounds of elongation, C16 (palmitoyl)-ACP and C18 (stearoyl)-ACP, respectively. Most studies have been done on the ketoacyl-[ACP]-synthase enzymes. The last enzyme in each extension step, ENR, reduces the double bound between C2 and C3 in the acyl chain. Enzymatically two types of ENR have been described: (I) has absolute selectivity for NADH as a reducing agent whilst (II) is also able to use NADPH (Harwood 1988) . ENR has been extensively studied in bacteria, being a potential target for drugs against tuberculosis (Banerjee et al. 1994) . Moreover, some bacterial and plant ENRs have been crystallized with the goal of revealing structure-function relationships. For instance Rafferty et al. (1995) analysed the structure of Brassica napus ENR that functions in vivo as a tetramer (Slabas et al. 1986 ). The protein belongs to the short-chain dehydrogenase (SDR) superfamily, having the typical Rossmann structure. A subunit of ENR consists of seven bsheets (b1-b7) and seven a-helices (a1-a7), and a determinate number of loops of different lengths modifying the functional characteristics of the enzymes (White et al. 2005) . In Arabidopsis thaliana and Petunia hybrida only one gene codes for ENR instead of two, as in Nicotiana tabacum and B. napus, allotetraploid species (deBoer et al. 1998) . ENR from B. napus can functionally replace Escherichia coli ENR in the bacterial FAS complex. A lipid analysis of recombinant bacteria expressing the ENR gene from rape revealed an altered fatty acid profile, indicating that the enzyme carried out a limiting step in synthesis of unsaturated fatty acids; that is, the ratio 16:1 (palmitoleic acid)/18:1 (cis-vaccenic acid) increased (Kater et al. 1994) . Arabidopsis mod1 mutants have an amino acid substitution in ENR compared to the wild-type protein encoded by MOD1 (At2g05990). This mutation resulted in a large decrease in ENR enzymatic activity, and consequently a major reduction in the total lipid production in the mutant (Mou et al. 2000) .
ENR has been biochemically characterized in four different plants, Spinacia oleracea Stumpf 1982a, 1982c , B. napus (Slabas et al. 1986 ), Carthamus tinctorius (Shimakata and Stumpf 1982b) and A. thaliana (Dayan et al. 2008) . The purification of ENR in safflower and rape was carried out from seed extracts using high-pressure liquid chromatography (HPLC), in spinach from leaf extracts, whilst the ENR from Arabidopsis was heterologously expressed and purified in E. coli. In the case of safflower and spinach the biochemical analyses were carried out on ENR I and II isoforms, both purified to homogeneity, whilst in rape the two isozymes were not separated. Although the natural substrate of the enzyme is an acyl-ACP, analogues such as acyl-CoA or acyl-cisteamine, can function, albeit with higher K m values (Rafferty et al. 1995) . The K m observed for the type I enzyme with crotonyl-ACP was similar in most of the cases (Shimakata and Stumpf 1982b; Slabas et al. 1986 ) around 1 lM. On the other hand, the K m observed with substrate analogues, such as crotonyl-CoA, was higher and changed depending on the organism. Type II ENR from both safflower and spinach was inactive with crotonyl bound to cofactors, CoA or ACP, but showed activity with longer acyl chains bound to both cofactors. Dayan et al. (2008) developed a phytotoxic analysis for heterologously expressed Arabidopsis ENR. A high concentration of cyperin generated a phenocopy of the mod1 mutant. At some concentrations the production of C18:2 (linoleic acid) and C18:3 (linolenic acid) acids was decreased in the plant.
In the present study, we have looked for different alleles of ENR in sunflower to find the best for optimizing the total lipid content in developing seeds. Two ENR cDNAs from sunflower were isolated, cloned and sequenced. The expression levels of these genes in seed and vegetative tissues were examined and genome copy number estimated. Structural models of these proteins were predicted by homology showing some differences between the isoforms. The sunflower proteins, heterologously expressed in an E. coli strain with a temperature-sensitive ENR fabI(ts), were able to complement the mutant under restrictive conditions allowing their in vivo activity to be tested by studying their fatty acid profiles. Differences in their kinetic parameters were determined in vitro using purified recombinant enzymes.
Materials and methods

Biological materials
Sunflower (Helianthus annuus L.) wild-type line CAS-6 (Sunflower Collection of Instituto de la Grasa, CSIC, Seville, Spain) was grown and materials collected as described by González-Mellado et al. (2010) except for the following. The photon flux density was 250 lmol m -2 s -1 . For the quantitative expression studies, seed samples were collected from outer flower head rings every other day from 12 to 30 days after flowering (DAF) and from cotyledons 1-7 days after germination (DAG).
For the heterologous expression of HaENR1 and HaENR2 two different strains of E. coli were used as host, XL1-Blue (Stratagene, La Jolla, CA, USA) and JP1111 [Hfr(PO1), galE45(GalS), k -, fabI392(ts), relA1, spoT1, thiE1] from the E. coli gene bank. The bacteria were grown in SB medium (2.5 % tryptone, 1.5 % yeast extract, 0.5 % NaCl, pH 7.5), and the liquid cultures of XL1-Blue were shaken vigorously at 37°C. When the plant genes were expressed in JP1111 they were grown either at the permissive temperature of 32°C or the restrictive temperature of 42°C. For plasmid selection 100 lg ml -1 of ampicillin was added. The specific growth rate was calculated from the plot generated from the increase in log OD 600 with time. The mean of three independent experiments was used to calculate each value for the growth rate.
Cloning of cDNAs encoding sunflower ENR
Approximately 0.1 g of each tissue was ground in liquid N 2 with precooled sterile mortar and pestle. Total RNA was extracted using a spectrum plant total RNA kit (SigmaAldrich, St Louis, MO, USA), and mRNA was isolated from total RNA (1 lg) using the GenElute mRNA Miniprep kit (Sigma-Aldrich). The corresponding cDNA was synthesized using a Ready-To-Go T-primed first-strand Kit (GE Healthcare Life Science) from DNA-free mRNA.
The A. thaliana ENR1 protein sequence encoded by the At2g05990 gene was used to search sunflower expressed sequence tags (ESTs) publicly available in the NCBI database (http://www.ncbi.nlm.nih.gov/) to find putative mRNAs encoding ENR homologues using the TBLASTN algorithm (Altschul et al. 1997) . ESTs corresponding to the 5 0 and 3 0 ends were identified. These ESTs were aligned using the ClustalX v.2.0.10 program (Larkin et al. 2007 ) to group those with similar or identical sequences. Polymerase chain reaction (PCR) fragments were amplified with two pairs of primers designed from these groups, F-ENR1/ R-ENR1 and F-ENR2/R-ENR2 (Table 1 ; all the primers were synthesized by Eurofins MWG Operon, Ebersberg, Germany). The PCR fragments were cloned into the pMBL-T vector (Dominon, Rhode Island, RI, USA), transformed into XL1-Blue, and several clones were sequenced on both strands by SECUGEN SL (Madrid, Spain). The identity of the clones was confirmed using the BLASTX algorithm (Altschul et al. 1997) , distinguishing two different types coding for ENR isoforms HaENR1 and HaENR2 (1,179 bp in both cases). These cDNA sequences were deposited in GENBANK under Accession numbers HM021137 |gi:317373786| and HM021138 |gi:317373788|, respectively.
cDNA and protein sequence analyses
Protein sequences homologous to the predicted sequences of HaENR1 and HaENR2 were identified using the BLASTP algorithm (Altschul et al. 1997) . Alignment of the amino acid sequences, including the transit peptides, for plastid ENR proteins publicly available at GENBANK was performed using the ClustalX v.2.0.10 program with the default settings (Larkin et al. 2007 ). The maximumlikelihood (ML) tree (Goldman 1990 ) for ENR genes was constructed by MEGA 5 (Tamura et al. 2011 ). Bootstrap analysis with 1,000 replicates was used to assess the support for tree nodes (Felsenstein 1985) . Transit peptides were identified through alignment with known plastid ENR sequences and using the network-based program TargetP V1.1 (Emanuelsson et al. 2000) .
Genomic DNA Southern blot analysis Genomic DNA from 2.5 g leaves of sunflower was isolated as described previously (González-Mellado et al. 2010) . DNA samples were digested with different restriction enzymes (all from New England Biolabs) and electrophoresed in a 0.8 % agarose gel. The gel was soaked in 250 mM HCl for 30 min, then washed three times in distilled water and finally blotted onto a Hybond-N? transfer membrane (GE Healthcare). The filter was probed with [a-32 P]dCTP-labelled HaENR1 and HaENR2 gene-specific DNA probes. The gene-specific probes with a size of 1,232 and 1,208 bp, respectively, were obtained by PCR amplification with the following pairs of primers: F-ENR1 plus R-ENR1XmaI for HaENR1 and F-ENR2 plus R-ENR2XmaI for HaENR2 (Table 1) . Hybridization was performed in 0.2 mM sodium phosphate buffer (pH 7.2), 250 mM SDS and 1 mM EDTA overnight at 65°C. The filter was washed twice in 29 saline-sodium citrate (SSC) buffer, followed by 0.1 % SDS for 10 min at the same temperature. Images of radioactive filters were obtained as described by González-Mellado et al. (2010) .
Real-time quantitative PCR (RT-qPCR)
The cDNAs obtained from developing seeds and different vegetative tissues as described above were subjected to RT-qPCR with the gene-specific pair of primers: F-ENR1qpcr plus R-ENR1qpcr for HaENR1 and F-ENR2qpcr plus R-ENR2qpcr for HaENR2 (Table 1) using SYBR Green (QuantiteTect TM SYBR Ò Green PCR Kit, Qiagen) in an MiniOpticon system (Bio-Rad). The reaction mixture was heated to 50°C for 2 min and then to 95°C for 15 min before subjecting it to 40 PCR cycles of: 94°C for 15 s, 58°C for 30 s and 72°C for 15 s whilst monitoring the resulting fluorescence. The calibration curve was done using sequential dilutions of developing seed cDNA. Livak and Schmittgen (2001) method was applied to calculate comparative expression levels between samples. The sunflower actin gene HaACT1 (GenBank Accession number FJ487620) was used as the internal reference (Moreno-Pérez et al. 2011) to normalize the relative amount of cDNAs for all samples using primers QHaActin-F4 plus QHaActin-R4 (Table 1) . Biological triplicates of each seed stage and vegetative tissue samples were obtained and analysed from three different plants. Two technical replicates from each sample were also run in the PCR machine.
Expression of sunflower recombinant ENR proteins in E. coli
The used expression vector pQE80L contains an N-terminal 69 histidine affinity tag to facilitate protein purification. The genes HaENR1 and HaENR2 were amplified using the primer pairs F-ENR1SacI plus R-ENR1XmaI and F-ENR2SacI plus R-ENR2XmaI (Table 1) , respectively. The PCR products, corresponding to both genes without the peptide signal, contained the restriction sites for the enzymes SacI and XmaI at each end for cloning them into pQE80L after their digestion with such enzymes. The constructed vectors pQE-80L::HaENR1 and pQE-80L::HaENR2 were transformed into competent E. coli JP1111 and XL1-Blue strains, respectively. Heterologous expression of these sunflower genes and purification of the recombinant proteins were carried out as previously described (McGuire et al. 2001) . Isopropyl b-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM, and the cultures grown for 3 h at 37°C was added. Cells were harvested by centrifugation (15 min at 3,200g) and resuspended in 1 ml of purification buffer (25 mM TRIS-HCl, 300 mM NaCl, pH 7.8) plus 10 mM of DTT and 5 mM of EDTA. The cells were incubated at 4°C for 30 min with 1 mg ml -1 lysozyme and then broken by sonication.
Protein gel electrophoresis and Western blots
Protein samples were combined with SDS-polyacrylamide gel electrophoresis ( For immune detection the blot was incubated with antipolyHistidine (Sigma-Aldrich) (1/5000 dilution) overnight at 4°C. The membrane was washed with PBS wash solution as described above. The SuperSignal West Dura Extended Duration Substrate Kit (Thermo Scientific) was used to fuse the peroxidase to the antibody. The blot was revealed using Kodak autoradiography in the dark. To estimate the relative amount of HaENR1 recombinant protein in purified fractions, stained protein gels were scanned and processed using ImageJ software (version 1.44; http://rsb.info.nih.gov/ij/). The concentration of protein was measured using a BCA Protein Assay Kit Pierce from Thermo Scientific.
Fatty acids analysis in E. coli
Cultures of 50 ml of E. coli JP1111 fabI(ts) carrying either pQE80L::HaENR1 or pQE80L::HaENR2 were grown at 32°C to OD 600 0.8 when the expression of the sunflower proteins was induced by adding IPTG to a final concentration of 1 mM. The cultures were then placed at 32 or 42°C and grown for 2 h. Cells were harvested by centrifugation (15 min at 3,200g) and resuspended in water (1/10 from the initial volume), after two washes with water. 150 lg of heptadecanoic acid was added to the samples to serve as an internal standard for quantification. Extraction of the lipids, preparation of the methyl esters and their analysis by gas chromatography are described in González-Mellado et al. (2010) .
In vitro characterization of HaENR1 and HaENR2
The ability of HaENR1 and HaENR2 to reduce the crotonyl-CoA (Sigma-Aldrich) substrate was monitored by following the decrease in absorbance at 340 nm as NADH is oxidized, similar to the procedure described Dayan et al. (2008) with some modifications. Crotonyl-CoA rather than the true substrate crotonyl-ACP was used since the initial velocity of the reaction with the latter was too rapid to measure in case of the B. napus ENR (Slabas et al. 1986 ). The purified proteins HaENR1 or HaENR2 were added at 0.4 or 8.3 lg ml -1 , respectively, to a buffer [17.9 mM potassium phosphate, 1.6 mM DTT, 300 lM NADH or NADPH (Sigma-Aldrich)] at pH 6.8 to give a final volume of 600 ll. The reaction was started by adding the crotonylCoA substrate at different concentrations between 20 and 250 lM. The blank lacked the substrate. The reaction was carried out at 28°C and monitored each minute using the spectrophotometer Ultrospec 3300pro (Amersham-Biosciences) and the software Datrys Life Science (2.2.0.0 Version). The extinction coefficient of NADH e 340 = 6.22 9 103 M -1 cm -1 (Shimakata and Stumpf 1982a) was used to convert absorbance measurements to concentration of NADH. For each enzymatic assay three independent experiments were done with the purified protein.
Kinetic parameters analysis
The spectrophotometric data were analysed in MSExcel (Microsoft) and OriginPro 8 (Originlab, Northampton, MA, USA). The non-lineal function in Origin allowed us to find the kinetic parameters of the Hill Equation (Michaelis constant, K m , and Maximum velocity, V max ) that fitted best to the experimental data.
Modelling of the three-dimensional structures of HaENR1 and HaENR2
Homology modelling studies were performed as detailed in González-Mellado et al. (2010) . The structure of the B. napus ENR sequence with accession number UniProtKB P80030 (Rafferty et al. 1995) was used as a model for both sunflower sequences, being the most homologous ENR for which X-ray structure information is available in the database RCSB PDB (Berman et al. 2000) (PDB Entry: 1eno) . This BnENR has 89 and 88 % sequence identity over 299 residues to the HaENR1 and HaENR2 mature proteins, respectively.
Results
Cloning and sequence analysis of two sunflower enoyl-[ACP]-reductase cDNAs
Two groups of ESTs for ENR plastid enzymes in sunflower were identified on the basis of their homology to the Arabidopsis ENR gene (At2g05990). Using full-length sequences for both groups two cDNAs were amplified from 15 DAF developing seed mRNA. These PCR products, consisting of 1,261 base pairs (bp) for HaENR1 and 1,228 bp for HaENR2, were sequenced and found to be identical with the EST HaENR1 and HaENR2 sequences. The protein sequences, deduced from the cDNAs of both genes using bioinformatics tools, consisted of 392 residues. Through alignment with known ENR sequences and using the network-based method TargetP V1.1 to identify chloroplast transit peptides (Emanuelsson et al. 2007 ), Ser46 and Ser75 of the sunflower ENR1 and ENR2 sequences, respectively, were the best candidates for the N-termini of the mature proteins (Fig. 1) . In the case of HaENR1 proteolytic processing of the transit peptide would produce a 346 residue protein with a putative molecular mass of 36.87 kDa and a pI of 8.43, whilst HaENR2 would have 317 residues with a mass of 33.58 kDa and a pI of 5.36. These two sunflower amino acid sequences with 75 % identity were compared with homologous proteins from different phylogenetic groups such as A. thaliana, O. sativa or E. coli (Fig. 1) . This alignment shows, excluding the transit peptide, which is the less conserved region, identical or highly conserved domains between the different type II ENRs (Rafferty et al. 1995; White et al. 2005) . In these conserved domains homology points out the residues involved in the recognition of NADH (Rafferty et al. 1994) as Gly100, Val101, Ala102, Gly106, Tyr107, Trp127, Leu163, Asp164, Ala165, Ser211, Leu212, Ala213, Asn214, Ala236, Leu261, Thr262, Tyr263, Tyr273, Lys281, Ala308, Gly309, Pro310, Leu311, Ser313, Arg314, Ala315 and Ala316 for HaENR1, and Gly99, Ile100, Ala101, Gly105, Tyr106, Trp126, Leu162, Asp163, Ala164, Ser210, Leu211, Ala212, Asn213, Ala235, Leu260, Thr261, Tyr262, Tyr272, Lys280, Ala307, Gly308, Pro309, Leu310, Ser312, Arg313, Ala314 and Ala315 for HaENR2. The predicted catalytic residues Kapoor et al. 2004 ) of HaENR1 are Tyr263 and Lys281 assisted by Ser237 and the equivalents in HaENR2 are Tyr262 and Lys280 and Ser236.
Whole sequenced genome availability of different organisms from many phylogenetic groups together with bioinformatic tools permits a better comparative analysis, identifying groups potentially sharing a common ancestor with the ENR from plants (Suppl. Fig. S1 ). As the dendrogram shows, in some species from the Plantae Kingdom, such as Vitis vinifera, Populus trichocarpa, Zea mays or O. sativa, ENRs belong to two separate families, Type A and B, as in the case for HaENR1 and HaENR2 (Suppl. Fig. S1 ) with a common phylogenetic origin. HaENR1 has a C79 % identity with other Type A ENRs, such as V. vinifera, P. trichocarpa or Capsicum annuum and also with some ENRs from B. napus or Z. mays, which have not been classified as either Type A or B. The same relationship to these species is true for HaENR2 except that identity is C77 %. The dendogram (Suppl. Fig. S1 ) also reveals that plant ENRs are relatively close to their homologues from the Chlorophyta and Cyanobacteria.
Tertiary structure prediction of HaENR proteins
The sequences of HaENR1 and HaENR2 are 89 and 88 % identical, respectively, to that of BnENR (Fig. 2) . Using the known structure for the latter (UniProtKB P80030), structures for the sunflower ENRs were modelled. Both have a single domain formed by seven a helices (a1-a7) and seven b sheets (b1-b7) plus intervening loops, as shown in the ribbon structures in Fig. 3a , b. They belong as does BnENR to the short-chain dehydrogenase/reductase superfamily (SDR), showing the Rossman fold (White et al. 2005 ) an open alpha/beta structure with twisted b sheets surrounded on both sides by a helices. The distribution of a helices and b sheets is very similar in the sunflower proteins with a few minor differences in length. A three-residue loop is present in the sunflower sequences between b2 and a2 that is absent in B. napus ENR in which b2 and a2 are contiguous. The residues involved in catalysis and NADPH/NADH binding are localized in the most highly conserved areas of the three proteins. The catalytic residues are distributed between the a4 and a5 helices plus the b5 strand with the latter being covered by the former (Fig. 3a-d) . By comparison, the cofactor-binding residues are localized in loops or nearby them. The locations of the catalytic sites plus substrate-and cofactor-binding residues Fig. 1 Alignment of the deduced amino acid sequences of H. annuus enoyl-[ACP]-reductases HaENR1 and HaENR2, with the closely related sequences from A. thaliana, AtENR1 (gi|13265591|), rice, OsENR (gi|115478314|) and E. coli, EcFabI (gi|16129249|). Identical residues are highlighted as black boxes, highly conserved residues as dark grey boxes and weakly conserved residues as light grey boxes.
Residues that may participate in the substrate-binding site are indicated with black triangles, those in the reducing agent binding site with white triangles and those in both sites with black stripped triangles. The putative N-terminal plastid transit peptides of HaENR1 and HaENR2, are underlined, 46 and 75 amino acids, respectively in the two sunflower enzymes are shown in Fig. 3c, d as viewed from the surface and internally. A minor difference between the two generated sunflower models is that the HaENR1 carboxyl-terminus ends in a two-residue a helix that is absent in HaENR2 (Fig. 3a, b) which is also not present in BnENR. A second minor difference is the organization of the loop region between the a2 helix and the b3 strand. That is, in HaENR1 the former is followed by three loop-forming residues and 4 a helix-forming residues, whereas in HaENR2 5 loop-forming residues are followed by 2 a helix-forming residues. This, together with the change of G312 in HaENR1 to R311 in HaENR2, results in a modification of the orientation of the Y107 residue (Y106 in HaENR2), see circle in Fig. 3a, b , and the modification of the reducing agent binding site (Fig. 3c-f ).
Southern blot analysis of HaENR1 and HaENR2
Two DNA gel blot analyses were performed on genomic DNA extracted from sunflower leaves to evaluate the Fig. 2 Comparison between the deduced amino acid sequences of H. annuus enoyl-[ACP]-reductases, HaENR1 and HaENR2, and B. napus, BnKAR (Rafferty et al. 1995) . Identical residues are highlighted as black boxes, highly conserved residues as dark grey boxes and weakly conserved residues as light grey boxes. BnKAR structural elements are named as in Rafferty et al. (1995) ; h: ahelix; s: b-sheet Planta (2015) 241:43-56 49 number of copies of HaENR1 and HaENR2 in the genome. An aliquot of the gDNA was digested with restriction enzymes having one (AleI) or no (XbaI, SacI and NcoI) cutting sites within the cDNA of HaENR1. Figure 4a shows the single bands obtained with XbaI and NcoI and two bands generated by AleI, indicating that HaENR1 is a single-copy gene. With SacI two bands (around 10.5 and 12.8 kb) are seen instead of the expected one, pointing to the existence of introns including a SacI restriction site in the gene. This possibility was strengthened by carrying out a search in the TAIR database (http://www.arabidopsis.org/ index.jsp) which revealed that AtENR (At2g05990) has ten introns within the coding region of the gene. In a similar way another aliquot of the gDNA was digested with HindIII, having one target within the HaENR2 cDNA, and others lacking targets in the cDNA (SphI, BamHI, EcoRI and AleI). Figure 4b shows multiple bands except for the SphI lane with a single band. The latter again suggests a single gene. The 2-4 hybridizing fragments for the other four enzymes when only 0-1 is predicted again suggest the presence of introns. Given that the digests were complete in all cases the results infer that both HaENR1 and HaE-NR2 are single-copy genes. Moreover, a Blast search of available Helianthus annuus ESTs performed with the HaENR1 and HaENR2 sequences reported here retrieved only nucleotide fragments corresponding to both sequences supporting our contention.
Tissue expression profiles of sunflower enoyl-[ACP]-reductases
The expression of HaENR1 and HaENR2 was analysed by RT-qPCR in roots, stems, 1-7 days after germination (DAG) cotyledons, leaves of 20-day-old seedlings and 12-30 days after flowering (DAF) seeds in different developmental stages (Fig. 5 ). Different patterns were observed for each sunflower gene. HaENR2 was highly expressed in seeds although the level decreased with age. Likewise the level decreased during cotyledon development. Whilst HaENR1 had its highest levels of expression in 1 DAG cotyledons which thereafter decreased with age although not so drastically, its level of expression increased with seed age before falling at the end. Only traces of HaENR2 were expressed in roots and older cotyledons.
Complementation of JP1111 with the sunflower ENR genes
The constructions pQE80L::HaENR1 and pQE80L::HaE-NR2, which lacked the 138 and 225 bases constituting the deduced plastid targeting sequences, respectively, which were replaced by a 6xHis-tag, were transformed into E. coli strain JP1111 in which the endogenous fabI(ts) encoded enoyl-[ACP]-reductase is non-functional at 42°C as fatty acids cannot be synthesized. Figure 6a , b confirms this phenotype. When IPTG was added to induce expression of the HaENR genes, the bacteria were able to grow at 42°C (Fig. 6c, d ). These results demonstrate that not only are these recombinant enzymes from sunflower functional, but also that they are able to interact with the other moieties of the bacterial FAS complex.
Fatty acid modifications in E. coli cells expressing recombinant HaENR1 and HaENR2
The growth rate of the cells expressing HaENR1 was monitored under different conditions at 32°C without IPTG (functional EcFabI), at 32°C with IPTG (functional EcFabI and expressed HaENR1 or HaENR2) and 42°C with IPTG (non-functional EcFabI and expressed HaENR1 (Table 2) . One of the most obvious consequences of the presence of the HaENR1 and HaENR2 genes was the decrease of the total fatty acid content to circa 25 and 32 %, respectively, compared to when only the vector was present (Table 2) . A more plausible explanation for oil reduction is the existing competition between E. coli enzymes and those expressed from sunflower, which interact in a different manner with the bacterial complex producing a lower rate of synthesis. Reductions in fatty acid amount were also observed in the cells expressing the plant enzymes together with the endogenous EcFabI, albeit in lower proportions. When both EcFabI and HaENR1 were expressed, the relative amounts of the various fatty acids were the same as when only EcfabI was expressed. If only HaENR1 was expressed, however, marked changes took place. That is, the proportion of saturated fatty acids increased from 50 to 70 %, the ratio of 16:0 to 18:0 decreased from 38 to 19 % and the proportion of unsaturated fatty acids converted to cyclopropanes increased, with the amount of C17 tripling (Table 2 ) (Grogan and Cronan 1997) . The latter is characteristic for E. coli cells under stress (Brown et al. 1997) . Unlike what was observed with HaENR1, when HaENR2 was expressed together with EcfabI the proportion of saturated fatty acids decreased from 50 to 30 %, the ratio of 16:0 to 18:0 decreased from 37 to 29 % and the ratio of 16:1-18:1 decreased from 80 to 50 % (Table 2) . At the same time the proportion of unsaturated fatty acids converted to cyclopropanes underwent little change, suggesting that the cells were not under stress. If only HaENR2 was expressed little change took place in the fatty acid profile compared to its absence. The ratio of C16:0 to 18:0 decreased from 37 to 26 % and not quite a doubling of the amount of C17 cyclopropane from its 16:1 precursor took place inferring that HaENR2 is more compatible with the E. coli FAS than HaENR1.
Purification of the recombinant HaENR1 and HaENR2 proteins and their biochemical characterization
Since the complementation experiments were successful in JP1111, it was tested as a host strain for expression of the two sunflower ENRs at the permissive and restrictive temperatures of 32 and 45°C, respectively, as well as testing XL1-Bl at 37°C. For HaENR2 the best results were obtained using XL1-Bl. This is illustrated in Suppl. Fig.  S2b which shows a Coomassie stain of the total proteins in the XL1-Bl strain after expression, the starting soluble fraction as well as affinity-purified protein of the expected 36.87 kDa. By comparison, HaENR1 was not detectable when expressed in XL1-Blue, and was very poorly In vitro assays were performed in 17.9 mM potassium phosphate buffer, 1.6 mM DTT at pH 6.8, 28°C with 300 lM NADH and HaENR1 (0.4 lg ml ). The reaction was activated by adding the substrate (crotonyl-CoA) at different concentrations (20-250 lM). The oxidation of NADH was monitored at 340 nm. Results correspond to the average of three independent determinations as indicated before in ''Materials and methods '' expressed in JP1111. The Western blot in Suppl. Fig. S2a was required to localize the HaENR1 in the gel, corresponding to a band of 45.75 kDa. After affinity purification HaENR1 was only 6 % of the total proteins.
The capacity of the two affinity-purified protein fractions from sunflower to reduce the substrate crotonyl-CoA was determined. ENRs require a pyridine nucleotide cofactor for activity. Neither HaENR1 nor HaENR2 was active with 300 lM NADPH, but instead both depended on NADH. Figure 7 shows that for both enzymes NAD? production from NADH was dependent on concentration and time of the reaction. The slopes generated from the graphs and the Hill equation were used to calculate K m and V max values. This resulted in a K m for crotonyl-CoA of 119 lM and V max of 9.75 lmol min -1 mg -1 of protein for HaENR1 and a K m of 121 lM and V max of 2.37 lmol min -1 mg -1 of protein for HaENR2.
Discussion
Two enoyl-[ACP]-reductase genes, HaENR1 and HaENR2, were isolated and cloned from sunflower developing seed cDNA. The deduced proteins had transit peptides targeting the mature protein to the plastid or chloroplast. Surprisingly, neither of the transit peptides showed phosphorylation motifs specific for binding the 14-3-3 proteins that together with HSP70 can form a cytosolic guidance complex towards the chloroplast (May and Soll 2000) . This was the case for other previously studied sunflower proteins involved in fatty acid biosynthesis, such as FatA-type thioesterases (Serrano-Vega et al. 2005) , the x3-desaturase HaFAD7 (Venegas-Calerón et al. 2006 ) and the condensing enzyme HaKASIII (González-Mellado et al. 2010) . Southern blot analysis of HaENR1 and HaENR2 indicated that both are most likely single-copy genes as was observed in O. europaea (Poghosyan et al. 2005) . Our southern analysis also suggests the presence of introns in both genes which is expected due to the existence of conserved introns in other plant homologous ENR genes from different phylogenetic groups. The phylogenetic analysis of the sunflower ENRs with related proteins from different taxonomic groups revealed the presence of two groups of these proteins in some families from dicotyledons (type A and type B): the protein HaENR1 belongs to type A and HaENR2 to type B. However, the duplicated proteins of the monocotyledons do not belong to either group (Suppl. Fig. S1 ). This infers that the duplication of the ENR gene in the mono-and dicotyledons occurred independently from one another. Why the Brassica ENR proteins do not belong to either type I or II of the other dicotyledons remains to be explained. The existence of a common ancestor with cyanobacterial enoyl-[ACP]-reductases concurs with the cyanobacterial origin of the chloroplast via endosymbiosis (Goksøyr 1967) , as was observed for the KASIII protein from the sunflower FAS complex (González-Mellado et al. 2010) . During evolution the plastid/chloroplast ENR gene sequences have acquired transit peptides, the major difference to the cyanobacterial ENR genes.
The RT-qPCR data revealed different expression patterns for the sunflower enoyl-[ACP]-reductase genes. Whilst initially HaENR2 was very highly expressed in young seeds and HaENR1 not so, during development the former decreased whilst the latter increased up to 25 DAF at which time the levels of the two were quite similar (Fig. 5) . Taking in account that the maximum rate of lipid accumulation in developing sunflower seeds occurs around 18-19 DAF (Martinez-Force et al. 2000) , these results suggest that after an initial high expression of HaENR2 a ''basal'' level, enough to maintain the high oil biosynthetic rate, is maintained with the expression of both genes (Fig. 5) . A similar behaviour was described by Fawcett et al. (1994) when studying the mRNA expression levels of enoyl-ACP reductase isoforms in Brassica napus developing seeds. The expression changes of HaENR1 during seed development mimic that of the previously analysed Arabidopsis At1g24630 gene, the unique gene encoding for the plastidial ENR activity (Schmid et al. 2005) . During cotyledon development expression of both genes declined, especially of HaENR2. The decrease for total ENR in cotyledons presumably reflects the initial change from dark/reserve tissues to a photosynthetically active one requiring rapid synthesis of large quantities of polar membrane lipids. Likewise, the leaves studied were young and in a phase of rapid expansion that also requires a large amount of polar lipids for the membranes and the developing cuticular apoplast. Judging from Fig. 5 HaENR makes the major contribution towards this synthesis, but at later stages in cotyledon development and in stems and roots makes little if any contribution (see below).
The published model of BnENR (Rafferty et al. 1995 ) permitted the prediction of the HaENR1 and HaENR2 protein structures, where a helices and b strands form the Rossman fold of the sunflower proteins analogous to those in the B. napus structure. The functional residues, catalytic and cofactor-binding sites were localized in conserved regions of these proteins. Main differences between the secondary structures of the sunflower ENRs were the presence of a two-residue a-helix in the C-terminus of HaENR1 and the organization of the loop region between the a2 helix and the b3 strand (Fig. 3a, b) . The influence of the last difference, together with the change of a glycine residue (G312 in HaENR1) to arginine (R311 in HaENR2), on Y107 position (Y106 in HaENR2) on the tertiary structure, can be seen in Fig. 3 when comparing the circle Planta (2015) 241:43-56 53 area in a vs b and the corresponding regions in c/d and e/f panels. Possibly the latter difference influences catalytic activity due to the modification of the substrate-binding site ( Fig. 3c/d , e/f). The results of the complementation experiments in the E. coli(ts) strain JP1111 with HaENR1 and HaENR2 demonstrate first that these heterologous proteins were active and second were able to supply the basic functions of the bacterial protein FabI interacting with the FAS complex. This is in accord with the results of Kater et al. (1994) in related complementation experiments with BnENR. Expression of the sunflower ENRs did not affect growth rate in contrast to BnENR, but decreased lipid synthesis in the bacteria whether they replaced the bacterial enzyme or were expressed in cells producing EcFabI. The decrease was larger in the absence of EcFabI. Presumably the decrease results from a structural incompatibility with one or more members of the bacterial FAS complex or the bacterial ACP. The effect on lipid synthesis was not investigated with the BnENR (Kater et al. 1994) .
Both expressed sunflower proteins were also active in vitro converting crotonyl-CoA to butyryl-CoA in the presence of NADH. The K m values for crotonyl-CoA of the two enzymes were very similar circa 120 lM. This is within the previously measured K m values for crotonylCoA (40-667 lM) for ENRs from spinach, rape, Arabidopsis and Carthamus (Dayan et al. 2008; Stumpf 1982a, 1982b; Slabas et al. 1986 ). Interestingly, heterologously expressed HaENR1 had a higher V max 9.75 versus 2.37 lmol min -1 mg -1 for HaENR2. Combining this with the fact that during early development the seeds had less HaENR1 than HaENR2 mRNA infers that the former may contribute more to total seed ENR activity than that apparent from the RT-qPCR measurements. To determine the real contribution of the two ENRs to fatty acid synthesis requires isolation and quantification of the two isozymes from the same tissues in which their mRNA was quantified.
In E. coli the separation between unsaturated and saturated fatty acid biosynthesis occurs at C10 when isomerization is carried out by the b-hydroxyacyl-[ACP]-dehydrase enzyme (FabA) (Fig. 8) (Brock et al. 1967 ). FabB and FabI compete for the cis-3-and trans-2-decenoyl-[ACP] products of FabA. If the ratio of FabB to FabI is greater than one then synthesis of unsaturated fatty acids increases (Chan and Vogel 2010) . The normal result is circa 50 % each of saturated and monoenoic fatty acids (Fig. 8) (Garwin et al. 1980 ). In the case of the large excess of overexpressed HaENR2 replacing the in vivo amount of EcFabI, the saturated:unsaturated fatty acid ratio did not change (Fig. 8b) . This implies that the affinity of HaENR2 for trans-2-decenoyl-[ACP] is the same as that of EcFabI. Since replacing EcFabI with over expression of HaENR1, albeit only detectable in a Coomassie gel with the aid of an antibody, led to an increase of saturated versus unsaturated fatty acids (Fig. 8a) , HaENR1 may have a greater affinity for trans-2-decenoyl-[ACP] than EcFabI. This would affect the equilibrium of the FabA isomerase activity resulting in generation of more trans-2-decenoyl from the cis-3-decenoyl leading to the observed increase in saturated fatty acids. The observed differences in the fatty acid profiles resulting from expressing the sunflower genes probably do not result from their activities, but rather from the stress these overexpressed proteins instigate which induces changes in the fatty acid biosynthetic pathway (DiRusso et al. 1999) .
The existence of two phylogenetically separated genes coding for the enoyl-[ACP]-reductase activity in sunflower, their differences regarding the expression levels in the plant tissue besides their different structural and biochemical characteristics as well as their different effects in the bacteria, suggest that HaENR1 and HaENR2 have overlapping as well as different functions in sunflower fatty acid synthesis. This knowledge could be used to increase and optimize fatty acid production in the sunflower seed in the future, changing, for instance, their levels of expression in the seed.
